Backgrounds/Aims: Obese rats obtained by neonatal monosodium glutamate (MSG) administration present insulin hypersecretion. The metabolic mechanism by which glucose catabolism is coupled to insulin secretion in the pancreatic β-cells from MSG-treated rats is understood. The purpose of this study was to evaluate glucose metabolism in pancreatic islets from MSG-treated rats subjected to swimming training. Methods: MSG-treated and control (CON) rats swam for 30 minutes (3 times/week) over a period of 10 weeks. Pancreatic islets were isolated and incubated with glucose in the presence of glycolytic or mitochondrial inhibitors. Results: Swimming training attenuated fat pad accumulation, avoiding changes in the plasma levels of lipids, glucose and insulin in MSG-treated rats. Adipocyte and islet hypertrophy observed in MSG-treated rats were attenuated by exercise. Pancreatic islets from MSG-treated obese rats also showed insulin hypersecretion, greater glucose transporter 2 (GLUT2) expression, increased glycolytic flux and reduced mitochondrial complex III activity. Conclusion: Swimming training attenuated islet hypertrophy and normalised GLUT2 expression, contributing to a reduction in the glucose responsiveness of pancreatic islets from MSG-treated rats without altering glycolytic flux. However, physical training increased the activity of mitochondrial complex III in pancreatic islets from MSG-treated rats without a subsequent increase in glucose-induced insulin secretion.
Glycolytic and Mitochondrial Metabolism in Pancreatic Islets from MSG-Treated Obese Rats Subjected to Swimming Training

Introduction
Maintaining glucose homeostasis is a complex process that depends on perfect synchronism between the synthesis, secretion and sensitivity to insulin hormone produced by pancreatic islets. Disease states such as type 2 diabetes mellitus (T2D) and obesity are
Food intake
After weaning, rats from all groups were weighed, and their food intake was determined 3 times per week by weighing the non-ingested chow. Food intake was calculated as the chow consumed divided by the bw of each animal. In this way, the total area under the curve (AUC) of food consumption versus time was calculated.
Obesity and biochemical parameters
After 12 h of fasting, the animals of all groups were sacrificed at 90 days of age by decapitation, and their total blood was collected in heparinised tubes. The plasma obtained from the blood was stored at -20°C until glucose, triglyceride, total cholesterol and high density lipid (HDL) levels were measured using commercial kits (Gold Analisa ®). Low density lipids (LDL) were measured using the Friedewald equation: LDL [Total Cholesterol -HDL -(Triglycerides/5)]. We also measured plasma insulin using a radioimmunoassay (RIA) technique using 125 I-labeled human insulin (PerkinElmer) as the standard and an antibody against rat insulin. Retroperitoneal, epididymal, mesenteric and inguinal fat pads were removed, washed with saline solution and weighed to estimate the level of obesity induced by MSG treatment. The Lee index [bw (g) 1/3 / nasal-anal length (cm)] was calculated as a predictor of obesity in MSG-treated rodents [17] .
Insulin Resistance
Insulin sensitivity was evaluated using the homeostasis model assessment (HOMA-IR) index as a surrogate marker of insulin resistance. The HOMA-IR was obtained using fasting glucose (mM) x fasting insulin (mU/L)/22.5 [18] .
Pancreatic islet isolation
Islets were isolated from the rat pancreas as previously described [19] , with adaptations. After anaesthesia (xylazine and ketamine; 0.6 mg + 3 mg/100 g bw, respectively), the abdominal wall was cut and opened. A 10-mL Hank's buffered saline solution (HBSS) containing collagenase type V (1.0 mg/mL) was injected into the rat's common bile duct. The pancreas, swollen with the collagenase solution, was quickly excised and incubated in a plastic culture bottle for 15 min at 37 °C. This suspension was then filtered with a 0.5-mm metal mesh and washed with HBSS containing 0.1% bovine serum albumin fraction V (BSA) in 5 continuous washes. Islets were collected with the aid of a microscope. At least 6 rats were used to obtain a pool of pancreatic islets for each group of animals. Pools of 4 islets were pre-incubated for 60 min in 1 mL of normal Krebs-Ringer solution containing 120 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgCl 2 , 24 mM NaHCO 3 and 5.6 mM glucose. This solution was gassed with O 2 /CO 2 (95/5%) to maintain pH 7.4 and was then supplemented with BSA (0.1%). After adaptation to a low glucose (5.6 mM) solution, the islets were incubated for a further 60 min in the presence of different glucose concentrations: 5.6, 8.3 and 16.7 mM. In addition, other pools of islets were incubated with 16.7 mM glucose in Krebs-Ringer in the presence or absence of the following inhibitors of glucose metabolism: iodoacetate (1 mM, IAA), which blocks glycolysis by inhibiting glyceraldehyde-3-phosphate dehydrogenase; α-cyano-4-hydroxycinnamate (1 mM, αCHC), which inhibits the mitochondrial pyruvate transporter and thus prevents the uptake of pyruvate into the mitochondrion and its metabolism via the Krebs cycle; sodium fluoroacetate (2 mM, SF), which blocks the Krebs cycle enzyme aconitase and halts the Krebs cycle before the production of reduced nucleotides or GTP; and rotenone (1 µM, ROT) and antimycin A (50 nM, ANT), inhibitors of mitochondrial complexes I and III [20] .
Morphological Parameters
Rats were sacrificed by rapid decapitation, and samples of the splenic portion (tail) of the whole pancreas were rapidly removed and cleared of fat. The lower left lobule of the liver and inguinal subcutaneous and visceral mesenteric fat pads were also collected. All of the tissues were fixed in ALFAC solution (85 mL 80% alcohol, 10 mL 40% formaldehyde, 5 mL glacial acetic acid). For routine histological study, tissue sections were dewaxed with xylene, rehydrated through graded ethanol washes, rinsed in distilled water, stained in haematoxylin and eosin (H&E), dehydrated through an ascending grade of ethanol solutions and mounted. Three sections (5 µM) separated by at least 100 µM were examined by light microscopy after H&E staining. The cell parameters were measured using an image analysis system (Image J 1.39f, NIH -Bethesda, MD, USA). The sectional areas of the adipocytes and islets were determined from digital images acquired at random (Olympus BX51 microscope, LC Evolution camera, TIFF format, 36-bit colour, 1280x1024 pixels); a total of 50 adipocytes were measured per section and all islets were measured in each section. The numbers of adipocytes and islets were also evaluated. Three representative areas were scored in each section, and the average values were used for scoring.
Western blot assay
Total GLUT2 content was measured in 200-250 isolated pancreatic islets by Western blotting. The protein concentration in the supernatants was assayed using the Bradford assay [21] . The total protein extract levels (40 µg) were subjected to SDS-PAGE electrophoresis. For immunoblotting, proteins separated by SDS-PAGE were transferred to PVDF membranes. The membranes were blocked for 2 h at room temperature in a TBS buffer containing 5% skim milk and then incubated with a primary anti-GLUT2 antibody (1:1000; [cat. (H-67) sc 9117], Santa Cruz, CA, USA). After washing, the membranes were incubated with the secondary antibody (Pierce Biotechnology, IL, USA) and exposed to x-ray film (Amersham Biosciences, Piscataway, NJ) using the ECL Western blotting detection reagent (Amersham Biosciences, Piscataway, NJ). After washing the membranes, α-tubulin (1:1000, cat. T6199), Sigma, St. Louis, Mo., USA, detection was used to correct GLUT2 signals for differences in protein loading. The band intensities were quantified by optical densitometry (Scion Image, Frederick, MD).
Chemicals
Analytical grade reagents and deionised water were used. Collagenase, BSA (fraction V) and the inhibitors ANT, SF, IAA and α-CHC were obtained from Sigma (St. Louis, Mo., USA). The inhibitors were dissolved in 100% dimethyl sulphoxide (DMSO), for a final DMSO concentration of 0.1% (v/v). The control experiments were performed with the same concentrations of DMSO.
Statistical analysis
The data are expressed as the mean ± standard error of the mean (SEM) and compared by an analysis of variance (ANOVA) with a post hoc Bonferroni test. Student's t test was also used. The level of significance was set at p<0.05. The statistical analysis was performed using Graph Pad Prism version 5.02 for Windows (Graph Pad Software, San Diego, CA, USA). Table 1 reports the effects of neonatal MSG treatment on the different biometric parameters. MSG-SED rats exhibited 15% and 13% reductions in bw and naso-anal length, respectively, compared with CON-SED rats. Thus, the Lee Index was 6% higher in the MSG-SED group than in the CON-SED group (p<0.05). The swimming training had no effect on these parameters for either group. White adipose tissue deposits were approximately 2-fold higher in MSG-SED rats than in CON-SED rats (p<0.05). Physical training reduced visceral fat deposits (epididymal, retroperitoneal and mesenteric) by approximately 20% and reduced subcutaneous adipose tissue deposits (inguinal) by 47% in the MSG-EXE group compared with the MSG-SED group. However, the MSG-EXE group still had greater adipose tissue content than the CON-SED group (p<0.05). Swimming training had no effect on white adipose tissue content in CON-EXE. Table 2 presents the metabolic profile between groups. The plasma levels of glucose and insulin during fasting were 17% and 25% higher, respectively, in MSG-SED than in CON-SED animals. In addition, the plasma concentrations of the triglycerides and total cholesterol were 118% and 26% higher, respectively, in MSG-SED rats compared to CON-SED rats (p<0.05). Swimming training re-established normal glucose, insulin and triglycerides levels in the MSG-EXE group. The plasma LDL levels were similar between the MSG-SED and CON-SED groups; however, the HDL levels were higher in the MSG-SED group than in the CON-SED group. In both the CON-EXE and MSG-EXE groups, swimming training reduced the LDL concentrations by 39% and 54%, respectively, compared with the corresponding sedentary groups (p<0.05). Exercise elevated the HDL levels by 27% in the CON-EXE group in relation to the CON-SED group (p<0.05). Figure 1 demonstrated that neither MSG treatment nor swimming training affected food and water intake in the MSG-SED, CON-SED and CON-EXE groups. Only the MSG-EXE group showed a reduction in water intake compared with the MSG-SED group.
Results
Obesity Model and Swimming Training
Morphological Parameters
The maximal adipocyte diameter in the MSG-SED group was significantly higher than that in the CON-SED group. Mesenteric (Fig. 2G ) and inguinal adipocyte (Fig. 2C ) diameters were 215% and 110% greater, respectively, in MSG-SED rats compared to the same deposits in CON-SED rats. There were 77% and 55% fewer adipocytes in the mesenteric and inguinal fat pads, respectively, in the MSG-SED group compared with the CON-SED group (p<0.05). In both adipose tissue deposits, physical training reduced the adipocyte diameter by approximately 36% and 32% in the CON-EXE ( Fig. 2A and 2F ) and MSG-EXE ( Fig. 2D and 2H ) groups, respectively, compared with the corresponding sedentary groups. The swimming training increased the number of adipocytes in both the MSG-EXE and CON-EXE groups by approximately 37% compared with their sedentary counterparts (Fig. 2B , 2F, 2D and 2H).
Pancreatic islets became hypertrophic in the MSG-SED group in relation to the CON-SED group (Fig. 2K) , with 2,400% larger islet diameters in the MSG-SED group (p<0.05). Physical training attenuated the islet hypertrophy of the MSG-SED group by approximately 41% in the MSG-EXE group (Fig. 2L ). Neither MSG treatment nor swimming training affected the islet number. Figure 3 shows the glucose-induced insulin secretion from pancreatic islets. In the presence of 8.3 and 16.7 mM glucose, approximately 25% more insulin was secreted by islets from MSG-SED rats than by islets from CON-SED rats (p<0.05). However, under the same conditions (8.3 and 16.7 mM), glucose-induced insulin secretion was approximately 35% lower for islets from CON-EXE rats than for islets from CON-SED rats (p<0.05). Similarly, islets obtained from MSG-EXE rats exhibited 43% (8.3 mM) and 19% (16.7 mM) lower glucose-induced insulin secretion than the islets from the MSG-SED group (Fig. 3) . Figure 4 presents the effect of inhibitors of the glycolysis and Krebs cycle on glucoseinduced insulin secretion from pancreatic islets. Isolated pancreatic islets were incubated with a high glucose concentration (16.7 mM) in the presence of several inhibitors of glycolytic metabolism. The blockage of glycolytic flux with IAA reduced glucose-induced insulin secretion by pancreatic islets from CON-SED and MSG-SED rats by 46% and 59%, respectively (Fig. 4A ). The reduction induced by IAA was 44% and 57% for islets obtained from the CON-EXE and MSG-EXE groups, respectively (Fig. 4A) . However, the inhibitor of the Krebs cycle (α-CHC) had no significant effect on glucose-induced insulin secretion in islets from CON-SED and CON-EXE rats (Fig. 4B) . However, glucose-induced insulin secretion in the presence of α-CHC was 49% higher for islets from MSG-SED rats compared with islets from CON-SED rats. This effect was attenuated in islets from MSG-EXE rats compared to islets from MSG-SED rats (Fig. 4B) . Independently of swimming training, the addition of SF also had no effect on glucose-induced insulin secretion by islets from CON and MSG-treated obese rats (Fig. 4B) .
Obesity, Swimming and Isolated Pancreatic Islets
The effect of mitochondrial inhibitors on glucose-induced insulin secretion from isolated pancreatic islets is presented in Figure 5 . The inhibition of mitochondrial complex I with ROT reduced glucose-induced insulin secretion by islets from the CON-SED and MSG-SED groups by 61% and 50%, respectively. Similar effects were also observed in islets from the exercise groups. ROT reduced glucose-induced insulin secretion by 59% and 52%, respectively, in islets from CON-EXE and MSG-EXE rats (Fig. 5) . The inhibition of mitochondrial complex III with ANT also reduced glucose-induced insulin secretion in all groups. However, the magnitude of this response was affected by obesity and exercise. The addition of ANT inhibited glucose-induced insulin secretion by 42% and 26% in islets from CON-SED and MSG-SED rats, respectively. In islets from CON-EXE and MSG-EXE rats, ANT reduced glucoseinduced insulin secretion by 55% and 65%, respectively (Fig. 5 ).
Glucose transporter 2 (GLUT2) Expression
As illustrated in Figure 6 , GLUT2 expression was 41% higher in islets from MSG-SED rats than in islets from CON-SED rats (p<0.05). Chronic swimming training reduced GLUT2 content by 48% in isolated pancreatic islets from MSG-EXE rats when compared with MSG-SED rats (p<0.05).
Discussion
MSG obesity models and Swimming training
High doses of MSG administered during the neonatal phase damage hypothalamic arcuate nucleus (ARC) inducing the obesity. MSG-treated obese rats exhibit most of the features observed for human obesity, such as excessive accumulation of abdominal adipose tissue, glucose intolerance, insulin resistance, hyperinsulinaemia and dyslipidaemia [22, 23] . The present study confirmed these characteristics. Sedentary lifestyle and high caloric ingestion have been considered the primary causes of obesity in several populations. Regular physical activity is known to be able to revert many of the abnormalities induced by excessive deposition of fat, including T2D [24] . Our work demonstrated that swimming training during growth reduced the accumulation of adipose tissue and avoided alterations in the insulin, glucose and lipid profiles in MSG-treated obese rats. Similar results were obtained previously for MSG-treated obese rats and mice subjected to swimming training (1 h/day; 5 days/week) [25, 7] . In addition, regular physical training preserves glycaemic homeostasis by restoring insulin sensitivity in peripheral tissues [5] . Our results showed that swimming training maintains fasting insulin levels, avoiding the loss of insulin sensitivity in MSG-treated, exercised rats.
Our protocol of swimming training did not affect food intake in either group. Similar results have been observed in humans subjected to physical training [26] . However, Zucker (fa/fa) obese rats subjected to swimming training (1 h/day; 5 days/weeks; 4 weeks duration) exhibited exercise-associated anorexia [27] . Important differences can explain these results. While Zucker (fa/fa) obese rats are hyperphagic [28] , MSG-treated obese rats are normophagic, as demonstrated by our data.
The Effect of swimming training in the Histological Analyses
Our results also demonstrated that MSG-SED rats have hypertrophic adipocytes. Studies have shown that hypertrophic adipocytes present an altered inflammatory profile directly related to insulin resistance [29] . Additionally, our results also demonstrated the hypertrophic profiles of pancreatic islets in MSG-SED rats. Studies have shown that successful beta cell adaptation to insulin resistance includes increasing beta cell mass via hypertrophy and/ or hyperplasia [30] . However, few studies have been conducted to evaluate the endocrine characteristics of the pancreas in MSG-treated obese rats, and the data that have been reported are contradictory [22, 31] . The proliferation of pancreatic islets is modulated by parasympathetic vagal activity [32] . Vagal hyperactivity is observed in MSG-treated obese rats, and precocious vagotomy has been shown to block hyperinsulinaemia [33] . Thus, we suggested that the islet hypertrophy observed in our data can be attributed to the vagal hyperactivity present in MSG-treated obese rats. For the first time, our study demonstrates that the swimming training program was effective in to attenuate morphological alterations in adipose tissue and pancreatic islets in MSG-treated obese rats. Studies have shown that swimming training restores autonomic imbalance frequently found in MSG-treated mice [13] . We suggest that changes in the autonomic activity induced by chronic swimming training could be involved in these morphological adaptations observed in pancreatic islets and adipocytes from MSG-treated exercise rats.
Insulin Secretion from isolated pancreatic islets and Swimming training
In addition to insulin resistance, insulin hypersecretion is a hallmark of obesity and T2D. According showed by our data, the pancreatic islets isolated from MSG-treated obese animals exhibited insulin hypersecretion. Similar results were also observed by other authors [22] . The causes of insulin hypersecretion by pancreatic islets from MSG-treated obese rats are unknown. Higher parasympathetic activity is involved in this altered glucose responsiveness of pancreatic islets from MSG-treated obese rats [34] . In addition, insulin hypersecretion observed in islets from MSG-treated rats can be an adaptation to surpass insulin resistance. However, the maintenance of this insulin hypersecretion over time deteriorates the functional secretory capacity of β-cells and accelerates overt T2D installation [35] . It has been established that physical training restores insulin sensitivity; however, the impact of physical training on the control of insulin secretion from β-cells remains poorly understood. Our work demonstrated that swimming training leads to a reduction in glucoseinduced insulin secretion in pancreatic islets isolated from both groups. In healthy subjects and lean rats, several studies also have reported the reduction in glucose-induced insulin secretion [8, 36, 37] . Scarce and contradictory data are available regarding the effects of physical training in islets from MSG-treated obese rodents. De Souza et al. 2003 showed that swimming training (1 h/day; 5 days/week; for 10 weeks) had no effect on glucoseinduced insulin secretion by pancreatic islets isolated from MSG-treated obese rats [15] . In contrast, isolated pancreatic islets from MSG-treated obese mice also subjected to swimming training (15 min/day; 3 days/week; for 18 weeks) increased glucose-induced insulin secretion [38] . Considering the autonomic imbalance in MSG-treated obese rats, we believe that the reduction in glucose responsiveness could result from the inhibitory activation of sympathetic nervous system (SNS) to the endocrine pancreas. This hypothesis is reinforced by data showing that swimming training in MSG-treated obese mice increases the neural firing rate of SNS [13] .
GLUT2 expression in isolated pancreatic islets
T2D in rats is associated with a loss of glucose-stimulated insulin secretion and a reduction in the number of GLUT2-positive β-cells [39] . GLUT2 under-expression has been reported in the β-cells of Zucker (fa/fa) rats [40] and db/db mice, models of spontaneously occurring T2D with antecedent obesity [41] . Significant decreases in both GLUT2 and glucokinase (GK) were also found in rats fed high fat diets (HFD) [42] . Our study demonstrated for the first time that GLUT2 expression is higher in islets from MSG-treated obese rats. This condition could contribute to the high glucose-induced insulin secretion observed in pancreatic islets in this obesity model. We also observed that swimming training promotes the normalisation of GLUT2 expression in MSG-EXE rats. Similar results were obtained for pancreatic islets isolated from diabetic Goto-Kakizaki (GK)-exercised rats (treadmill, 5 days/week, for 9 weeks) [43] . However, increase in GLUT2 expression in pancreatic islets was observed in lean trained rat (treadmill; 1, 3 or 5 times per week; for 8 weeks) [44] . In pancreatic islets from the CON-EXE (lean) group, we also observed an increase in GLUT2 expression, but this effect was not significant.
Glucose Metabolism in Isolated Pancreatic islets isolated from swimming trained rats
Glucose-stimulated insulin secretion from the β-cells of pancreatic islets is a metabolic response that depends critically on cellular ATP. In the presence of glucose, the increase in the intracellular ATP-to-ADP ratio closes the ATP-sensitive K + (K   +  ATP ) channels, which, in turn, results in the depolarisation of the plasma membrane, the influx of extracellular Ca
2+
, and the activation of exocytosis [45] . The β-cells of T2D patients are frequently inadequately responsive to glucose, and the β-cell mass is frequently reduced [2] . Insulin hypersecretion is also a hallmark of obesity induced by neonatal administration of MSG. Thus, we investigated potential mechanisms for the increased glucose-induced insulin secretion in isolated pancreatic islets from MSG-treated obese rats, as well as the effect of swimming training on glucose metabolism in pancreatic islets from lean and MSG-treated obese rats.
Energetic products arising from glycolytic flux, such as ATP, NADH, and pyruvate, is essential to preserving insulin secretion in pancreatic β-cells [46] . The glycolytic blocker IAA reduced glucose-induced insulin secretion by islets from all groups, both sedentary and exercised rats. These data reinforce other observations demonstrating that glycolysis is critically involved in glucose-stimulated insulin secretion [47] . However, glycolytic blockers had more impact on glucose-induced insulin secretion by islets from MSG-treated obese rats. These results indicate for the first time that the glycolytic flux is increased in the islets from MSG-treated obese rats and could be contributing to the hypersecretion observed in these islets. Similar data were also observed in isolated pancreatic islets from Zucker (fa/fa) obese rats and ob/ob obese mice [48] .
The glycolytic product pyruvate is a substrate for the Krebs cycle in the mitochondria and is suggested to be an important modulator of insulin secretion [49] . However, pyruvatestimulated insulin secretion is not typically observed in pancreatic islet preparations. This observation is the basis of the pyruvate paradox, in which pyruvate oxidation is observed but is not accompanied by insulin secretion [50] . Confirming these literature observations, our study demonstrated that inhibitors of the pyruvate metabolism and Krebs cycle did not affect glucose-induced insulin secretion in isolated pancreatic islets. This result reinforces the primary role of ATP and NADH derived from glycolysis in the glucose-induced insulin secretion from pancreatic islets.
Interestingly, in our study, the blockage of pyruvate transport by α-CHC had a mild potentiating effect on glucose-stimulated insulin secretion that was observed only in pancreatic islets isolated from MSG-SED. It appears, thus, that in islets from MSG-treated obese rats pyruvate show alternative metabolism pathway under conditions of impaired mitochondrial pyruvate transport. There are two routes important for the metabolism of glycolysis-derived pyruvate: oxidation by pyruvate dehydrogenase (PDH) to acetyl-CoA or carboxylation by pyruvate carboxylase (PC) to oxaloacetate [50] . Our study did not evaluate PC or PDH activity separately. However, PC and PDH activity were indirectly avoided by the addition of α-CHC, which blocks pyruvate transport to the mitochondria. In this situation, pyruvate could be converted to lactate by lactate dehydrogenase (LDH). Studies have shown low LDH activities in pancreatic islets from lean rats [51] . Further studies are needed to reveal the LDH activity, as well as, the role of lactate on glucose-induce insulin secretion in islets from MSG-treated obese rats.
In addition, when the Krebs cycle is blocked, glycolytic NAD(P)H continues to supply electrons to the electron transport chain through the malate-aspartate shuttle and the glycerophosphate shuttle during glucose stimulation [52] . This continuous supply of electrons sustains the elevated [ATP]/[ADP] ratio, which, in turn, continues to stimulate insulin secretion. Thus, the increased glucose-induced insulin secretion in pancreatic islets from MSG-treated obese rats during the inhibition of the pyruvate transport could alternately be explained by the increased activity of shuttles.
Finally, we demonstrated that neither the glycolytic flux nor the pyruvate metabolism in the Krebs cycle pathways was affected by swimming training in isolated pancreatic islets. These results suggested that the reduced glucose responsiveness found in pancreatic islets isolated from exercised rats is not associated with changes in the glycolytic flux and/or the Krebs cycle. Dissociation between glucose response and metabolic pathways was also observed in other studies of pancreatic islets obtained from exercised rats. For example, pancreatic islets isolated from lean trained rats exhibited an inhibition of glucose-induced insulin secretion and simultaneous increases in anaplerotic and cataplerotic enzymes [8] . Thus, changes in the glucose responsiveness of islets from exercised rats could depend on other factors, such as, neurotransmitters, hormones and/or proliferative adaptations. In support of the latter view, studies of islets from exercised rats demonstrated that endurance training favours β-cell growth and survival, enhancing antioxidant capacity and reducing reactive oxygen species (ROS) production and apoptotic protein content [8] .
The production of ATP in β-cells is dependent of the cytosolic and mitochondrial reactions. Both, cytosolic NADH and mitochondrial sources of NADH and FADH2 stimulate the mitochondrial electron transport chain. The electron flux establishes a proton gradient across the inner membrane, which provides the energy for ATP synthesis [53] . Mitochondrial metabolism generates substantially more ATP than glycolysis and the production of mitochondrial ATP is critical for glucose-dependent insulin secretion. Using several mitochondrial inhibitors our study also evaluated mitochondrial participation on glucose-induced insulin secretion in MSG-treated obese rats subjected at swimming training. The addition of ROT which specifically inhibits the respiratory chain at complex I inhibited glucose-induced insulin secretion in islets from all groups to a similar degree. However, the addition of ROT did not abolish completely insulin secretion. This observation corroborates with other study showing that the complex I of the electron transport chain does not in itself limit the formation of the proton gradient [54] . In addition, this data also indicates that the participation of complex I of the electron transport chain is intact in islets from MSG-treated rats. Similar results also were obtained in pancreatic islets of GK rats, which are characterised by a deficient insulin response to glucose [55] . In contrast, greater activation of complex I mitochondrial has been demonstrated in pancreatic islets isolated from Zucker (fa/fa) [56] . Again, swimming training had no effect in mitochondrial complex I participation in all groups.
On other hand, our study shows for first time reduced inhibitory effect of ANT on glucoseinduced insulin secretion for pancreatic islets from MSG-treated obese rats indicating that mitochondrial complex III is hypoactive in this obesity model. Contradictory results were observed in islets from ob/ob obese mice. In these islets, the inhibition of mitochondrial metabolism with ANT reduced glucose-stimulated secretion to basal levels in individually perfused pancreatic islets [48] . Mitochondrial alterations were also observed in pancreatic islets isolated from rats subjected to foetal programming [57] . Thus, the hypersecretion of insulin frequently observed in islets of MSG-treated obese rats cannot be attributed at high mitochondrial activation. This suggestion is reinforced by recent data showing that glucose oxidation in response to 16.7 mM glucose was reduced in islets from MSG-treated obese rats [58] .
Interestingly, when we evaluated the participation of mitochondrial complex III in isolated pancreatic islets from exercised rats, we observed that the inhibitory effect of ANT on mitochondrial complex III was accentuated by swimming training in both groups. It appears, thus, that swimming training increases the participation of mitochondrial complex III. Singly, this effect should increase ATP production and insulin secretion in pancreatic islets. However, in our results, islets obtained from exercise rats shows reduced glucose-induce insulin secretion. Recently, increased levels of uncoupling protein 2 (UCP2) were observed in isolated pancreatic islets from exercised rats, which could be involved in reduced glucoseinduced insulin secretion [44] . In addition, studies have shown that over-expression of UCP2 in an insulin-producing cell line increase mitochondrial respiration while decreasing the coupling to oxidative phosphorylation; this effect results in a low intracellular ATP level and reduced glucose-induced insulin secretion [59] . Taken together, these observations suggest that the greater participation of mitochondrial complex III could be an adaptation of the islets from exercised rats to compensate the proton leakage which occurs through increased UCP2 expression induced by exercise. Finally, in islets from MSG-treated exercise rats these events can improve the participation of mitochondrial complex III normalizing glucoseinduced insulin secretion.
Conclusions
The damage induced by neonatal MSG administration induces obesity through insulin resistance and insulin hypersecretion. Increased glycolytic flux, hypertrophy of pancreatic islets and higher GLUT2 expression could be involved in the greater glucose responsiveness observed in the islets of MSG-treated obese rats. In addition, mitochondrial complex III is hypoactive in pancreatic islets from MSG-treated obese rats. Chronic swimming training was able in attenuates or reverts histology and secretory abnormalities in islets from MSGtreated obese rats, including corrects mitochondrial complex III activity.
